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I. INTRODUCTION

Stabilization system of inertial control objects
allow to achieve the specified accuracy only at high
quality of control processes. The problem is solved
with the optimum combination of design parameters
of systems and rational choice of their exploitational
adjustments.

During the design and calculations of systems the
quality of the control processes is usually evaluated
according to their frequency characteristics. The
basis for this is the relationship between the quality of
the transitional process, caused by the special impact,
and the frequency characteristics of the system. The
transient response of the closed-loop system can be
calculated on the basis of one of the Fourier integrals:
H(t)= A”’T(O) + le"’—(m)sin [0t + p(w)]dw;
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where 4, (®) is the amplitude; P(w) is the real and
O(w) is the imaginary frequency characteristics of

the closed-loop system.

For the real technical systems control signals and
external disturbances have a random character. As a
consequence the frequency characteristics are used
only for indicative opinions about the quality of the
system. Some interest, in our opinion, represents the
evaluation of the quality of stabilization systems of
inertial control objects by normalized indirect indi-
cators.

II. SOLUTION OF THE PROBLEM

The indirect quality indicators can include: sta-
bility margins in modulus and phase, stability margin
in frequency and indicator of oscillatority. Each of

indirect quality indicators, taken separately from the
others, does not allow to do definitive conclusions
about the character of the control processes. Only
using multiple indirect indicators, you can clearly see
the properties of a closed-loop automatic control
system.

Stability margins in modulus and phase are de-
termined by the frequency characteristics of the
open-loop system, which can be obtained by calcu-
lation or experimentally. Figure 1 shows the method
of determining the stability margins in modulus and
phase on the basis of direct amplitude-phase frequency
characteristic (APFC) of the open-loop system

W, (jo)=U(o)+ V(o).
Margin in modulus is equal

h=1-U(o),. .,
To determine the stability margins in phase the
unit circle is conducted from the origin. The point B

of intersection of this circle with W, (jo) is con-

nected with the help of the line to the origin.
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Fig. 1. Determination of the stability margins in modulus
and phase on the basis of direct APFC
of the open-loop system

The angle between the line OB and negative di-
rection of the x-axis equals the angle y of stability
margin in phase.

v=0,(0), -

Thus, the phase margin is
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Calculations and experimental research of stabi-
lization systems of inertial control objects show that
for the tracking measurement mode should be rec-

ommended values 4 >0,6; y>30-35°, and for the
mode of stabilization 4 >0,3; y>20°.

Stability margin in modulus can be analytically
expressed through the boundary stiffness G, (o) of
the system. By defining according to [1] values
U(o) and ¥V (), we obtain

4 ((0)|V(w)=0 - %

where G is the value of exploitational stiffness,
determined by the settings of the system.

Consequently, the stability margin in modulus is
equal

b

G G,(0)-G
Gy(0)  Gy(o)

The last relation defines the stability margin for
any adjustment of the stabilization system, that is for
any operating point inside the region of
sustainability. Using equation (1), it is possible to
build lines of equal stability margin in modulus
(Fig. 2) inside the stability region of the system.

h=1- (1)
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G

Fig. 2. The stability region with lines of equal value
of stability margin in modulus

Figure 3 shows the method of determining the
stability margins in modulus and phase on the basis of
inverse APFC of the open-loop system

E (jo)=——=U,(0)+ V(o).

0 (0)= g =V ()7 o)
In this case, the stability margin in modulus ac-

cepted to estimate with the help of value

hy =Up(0)|, 01
: 1 1
e Ue(@hioro =gy, T1on 0
V(®)=0

we have

__h G, ((D) -G
1—h G
Equation (2) defines the relationship between the
values of stability margins in modulus /4 and 4, .
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Fig. 3. Determination of the stability margins in modulus
and phase on the basis of inverse APFC
of the open-loop system

Determination of stability margin in phase on the
basis of inverse E_ ( joo) APFC is performed funda-

mentally as well as on the basis of direct W, (jo).

Stability margins in modulus and phase can be
calculated by using the direct logarithmic characte-
ristics of an open-loop system [2].

Figure 4 shows the stability region of stabilization
system of inertial control object, in which identified
six possible operating points. For these points were
calculated and plotted inverse frequency charac-

teristics £ ( joo) of open-loop systems. Characteris-

tics are shown in Fig. 5.

Dz A

0 G,G,, G
Fig. 4. The stability region

Comparison of characteristics /, 2 and 3, obtained
when damping is constant D,,, and stiffness is

variable G, > G, > G,, make it possible to conclude

that increasing the stiffness of the system decreases
its stability margins in modulus and phase.

Analysis of the characteristics of 4, 1, 5 and 6,
constructed for different combinations of stiffness
and damping, but with a constant value of stability
margin in modulus, shows, that with increasing
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damping stability margin in phase increases, reaching
a maximum value near high frequency stability bor-
der (point 4).

Considering the characteristics of the system, that
correspond to operating points 2 and 6, which provide
the same value of a tracking error, come to the con-
clusion, that increasing stiffness reduces the stability
margin of the system in modulus and increases its
phase margin.

Fig. 5. Inverse APFC of the system
for different operating points

Conclusions should be considered while choosing
the operational adjustments of stabilization systems.

It should be noted that, for the stabilization sys-
tem, the transfer function of which has in the nume-
rator polynomial of the operator, it is impossible to
make conclusions about the quality of control only on
the values of stability margins in modulus and phase.
Perhaps such a combination of parameters of the
system in which quality evaluation may lead to in-
correct conclusions. That is why the evaluation of the
quality should always be carried out simultaneously
by several indicators. As additional indicators can be
a stability margin in frequency and an indicator of
oscillatority.

Let us denote as ®, the frequency, which cor-
responds to the value U, (@) =—1 of the real part of
the feedback APFC of the open loop system and
denote as o, the frequency which corresponds to the
point of intersection the inverse APFC with abscissa
axis (see Fig. 3).

Ratio

will be called the stability margin of the system in
frequency.

If we shall put on the stability border (Fig. 2) the
frequencies of fluctuations occurring in the system,
then the intersection of the line 4G, with the stabil-

ity border determines the frequency ®,, and the
intersection of the continuation the line D,4 with
the stability border gives the value of the frequency
®,.

Thus, each of the ratios v=0,/0, determines
one operating point in the stability region and its
corresponding inverse APFC (Fig. 5). Experience in
analysis and design of automatic control systems
shows that the margin of stability in frequency should
be chosen equal to v=0,4-0,6.

An indicator of oscillatority M is the ratio of the
maximum oscillation amplitude the output quantity
of the closed-loop system to the amplitude of the
output signal when ®=0

Am((o)max
~4,(0)
When M <1 transient processes occur in the
system without overshoot. When M >1 there are

oscillatory processes, and overshoot and regulation
time with increasing the indicator of oscillatority are

and 4, (0) are
usually determined by the amplitude-frequency cha-

racteristics of a closed-loop system.
If the stabilization system is under the influence of

increased. Amplitudes 4, (o)

the control signal r(t), then the indicator of oscil-

latority can be determined graphically with the help
of APFC of the open-loop system. Taking into ac-

count that in the case considered A4, (0)=1, we have

()

N

)
)

1) +jV((o)]‘

:J U (0)+7P(0)
[1+U((o)]+V2(oo)

The last expression can be written as the equation
of the circle

{U(m)— 1 MM} ()=

; (1-m2)

»
2

r

The radius of this circle is equal and the

center is located on the real axis of the complex plane
2

U(o)— jV(w) at a distance lMAr4 from the

2

origin. Consequently, the locus of points on a plane
U(o)— jV (), corresponding to a constant value
of indicator of oscillatority 1is a circle.
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Specifying different values of indicator of oscil-
latority, we can construct a family of circles

M, =const. When M >1 the centers of the circles

are located on the left, while M <1 — on the right
from axis of ordinates. When M =1 the circle de-
generates into a straight line parallel to the imaginary

axis jV (©) and located on the left from it in the

. 1 . . . -
distance 3 Family of circles is shown in Fig. 6.

JV ()
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Fig. 6. Determination of indicator of oscillatority
with the help of direct APFC

If we shall lay the characteristic 17, (jo) of the

open-loop system on the received nomogram, then
the circle M, =const tangent to the APFC, will
show the value of the indicator of oscillatority of the
corresponding closed-loop system, that is working
under the influence of the control signal.

Nomogram M, =const allows by APFC of the
open-loop system to determine the amplitude fre-
quency (AFC) characteristic of the corresponding
closed-loop system that is working under the influ-
ence of the control signal. Knowing the frequencies
of intersection points APFC of the open-loop system
with the circles M, =const and considering that

M, =4, (o) , we can construct characteristic

4, (o).

Indicator of oscillatority M, is quite simple de-
termined and by reverse APFC of the open-loop
system. In this case, the locus of points corresponding
to the inverse number of the indicator of oscillatority

——=const in the complex plane U, (co) -

1
M}"
N

7V (@) is a circle which has equation

(U, (0)-1T +V2(0)= [MLJ

r

. . .1
The radius of this circle is i and the center has

r

coordinates (—1;,0), i. e. coincides with the begin-

ning of the coordinate plane P, (®)— jO, (o).

Consequently, for determining the oscillatority
indicator with the help of inverse frequency charac-

teristic £, ( j(o) enough to hold from the point
(—1;j0) a circle tangent to the hodograph E, ( jo).

Quantity inverse the radius of the circle will be equal
M

Method of determining the indicator of oscilla-
tority with the help of inverse APFC is shown in
Fig. 7.

JO: ((’))‘ ]VE((D)“
’\
0=0
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Fig. 7. Determination of indicator of oscillatority
with the help of inverse APFC

For providing good quality of the transitional
process the oscillatority indicator should be selected
in the range M =1,2-1,5.

CONCLUSIONS

For the most complete preliminary evaluation of
quality the control in the stabilization systems of
inertial objects should be used simultaneously several
indirect indicators. But even in this case of assess-
ment will be approximate and should be checked by
calculation of the transient response or with the help
of modeling the system.
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